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The investigations of the mutagenic radiation action have 

been infrequent so far. The induced mutation rate of both direct 

mutants and revertants in bacterial cells were measured after x- 

or y-irradiation (Demerec and Latarjet, 1946; Anderson,l951; 

Kelnor et al., 1955; Bridges et al., 1968: Bridges and 

Wottershead, 1978; Glickman et al., 1980). The dose response 

dependences were both linear (Kada et al., 1960; Bridges et al., 

1968; Demerec and Same, 1960) and non-linear with a tendency to 

a quadratic function (Anderson, 1951, Zelle, 1955; Bridges and 

Wottermhead, 1971; Bridges, Wottershead, 1978; Kato and Nakano, 

1981, Glickman et al., 1980). Densely ionizing radiations were 

used in mutagenic experiments even more rarely. The first 

investigation with this type of radiation was performed with 

bacterial cells (Kriviskij, 1938). The efficiency of a-particles 

from radon to induce mutant cells increased supralinearly with 

the dose of radiation. Later on, however, in the experiments 

with heavy ions this observation was not confirmed (Deering, 

1963). Linear dependences of the mutation rate on the dose of 

ionizing radiation were determined for mutations to prototrophy 

of three auxotrophic strains of E. coli; the effectiveness 

decreased steadily with increaming LET of protons and 

a-particles (Wunson and Bridges, 1969). On the other hand, the 

effectiveness of heavy ions to induce mutants in extracellular 

phages had to be described by a function with a local maximum 

(Bresler et al., 1975). Owing to these contradictory results we 

have investigated the regularities of mutagenic action of 



different types of ionizing radiation in a sufficiently broad 

region of LET. Direct mutations in lac operon have been used as 

a test system. The wild type strain as well as some repair 

deficient mutants of E. coli have been examined. 

Materials and Methods 

Bacterial strains. 

The main part of experiments has been performed with wild 

type strain Hfr E. coli K-12 H. Pol A1 repair deficient mutant 

P3478 with its own wild type strain W3110 have been tested to 

check the role of DNA-polymerase I in the mutagenic process. For 

comparison, the lexA strain has been investigated. 

Media 

The cultures were grown overnight at 3 7 O ~  in a standard 

liquid medium (Gamaleya Institute of Microbiology, Moscow). The 

suspension was washed and resuspended in the M9-buffer (Miller, 

1972). After irradiation and appropriate dilution the suspension 

was spread over plates with bottom agar and overlayered with 

TOP-agar. Standard agar (Gamaleya Institute of Microbiology, 

Moscow) was supplemented by 50 mg 2,3,5-triphenyltetrazolium 

chloride and 50 ml of 20% lactose per 1 of the selective medium. 

Irradiation by x-rays and heavy ions. 

The 1 3 7 ~ s  gamma ray source giving the dose rate of about 23 

Gy/min was used. The irradiation by heavy particles was 

performed at the accelerator of heavy ions U-200, Joint 

Institute for Nuclear Research. The cells were irradiated on the 

surface of Dacron filters (pore diameter 0,5 pm) placed on the 

surface of minimal agar (3% DIFCO agar) poured inside metallic 

plates. The plates were set into a round magazine of the 

"GENOIQS" apparatus (Cherewatenko, 1986) and irradiated by 

accelerated ions of desired characteristics. The dose could' be 

monitored by the ionization chamber set at the beam exit window. 

Counting of mutant colonies. 

Up to 20 000 microcolonies per plate could be checked. 

Higher concentrations lead to an erroneously decreased mutation 

rate. In parallel the number of all colonies was determined 

after the dilution 1:100 of the corresponding sample of the cell 

suspension which was spread on the surface of Petri plates. 

Counting of the mutant colonies was done under a slight 

magnification. The experiments were repeated 3-5 times. 

Processing of experimental data. 

The mutation rate was measured as the ratio gf mutant 

colonies (Nm) to the number of survived cells (N). The dose 

dependence Nm/N(D) has been fitted to the following fuqctions: 

Nm/N = k D", (la) 

N,/N = a D + (/3 D) 2, (Ib) 

where D is the dose of radiation. The parameters k,n,a,/3 were 

determined by minimizing the sum of squares of the differences 

between the experimental and theoretical mutation rates 

calculated acccording to Eqs la,b. The squares were divided by 

standard deviations of the experimental points obtained as 

square roots of the total number of mutants. The standard 

deviations of the parameters were calculated as square roots of 

diagonal elements of an inverse covariance matrix (the matrix of 

the second derivatives of the sum of squares). The relative 

genetic effectiveness (RGE) can be determined as the ratio of 



the doses inducing the same number of mutations, the dose of 

y-rays (D ) and the dose of heavy ions (Di): RGE = Dy/Di. In 
Y 

principle RGE can be a dose dependent quantity. However, in our 

experiments the character of N,/N(D) functions remained 

approximately the same for all types of ionizing radiations. The 

optimal values of RGE could be, therefore, calculated from the 

best fits of Eqs la,b, where the dose is replaced by RGE*D, to 

the experimental data on heavy ions with the parameters k,n,a,p 

taken the same as in the case of y-radiation. The standard 

deviations of RGE were determined by the same procedure as the 

deviations of the parameters. 

Results 

The cell survival (S) and the mutation rate (Nm/N) of E. 

coli Hfr H cells as a function of the dose of Y-radiation (D) 

are presented in Fig.1. The survival curve has an exponential 

shape with the sensitivity ( ~ 0 ~ )  equal to D;' = 0,01 ~y-'. 

The mutation rate increases sharply with the dose. The 

linear component of Eq. lb is much smaller than the quadratic 

one: a = (1.8 f 0,6)*10-~ ~y-' and P = (1,6 + 0,2)*10-~ ~y-l. 

The dependence Nm/N(D) is therefore very near to the quadratic 

one. If this is the case, the exponent n from Eq. la should be 

close to 2. Actually, its value presented in Table 1.. equals 

1,92 f 0,30. 

In the experiments similar to the one in Fig.1. different 

types of ionizing radiations were used (Fig.2.). The S U N ~ V ~ ~  

curves were exponential in all cases. An increased sensitivity 

was observed for helium ions. The mutation rates increased with 

the dose according to the power function (close to the quadratic 

function). The values of the exponents n from Eq. la are 

presented in Table 1. The exponents do not differ from the value 

n = 2 within one standard deviation. Therefore, the NdN(D) 

dependences will be analysed as quadratic functions. 

The data can be premented as linear functions in the 

log-log plot where the mlope of the dependences equals n from 

Eq. la. In the came of the quadratic function the slope is equal 

to n = 2. The linen for heavy ionm are shifted from the line 

corremponding to y-radiation by the log value of RGE. Another 

mimple ana1y.i. can be done in the (l/D)*(N,/N) v. D plot where 

the linear-quadratic function im represented by a mtraight line 

with the elope p2 croaming the y-axis at the diatance a. The 

alopem are limted in Table 1, a = 0 in all camem. The value 

of RGE can b. calculated am the mquare root of the ratio of p2 

for heavy ion. and y-ray.. The valuem of RGE calculated 

according to the optimizing procedure well corremponded to the 

value. deterrined from the above mentioned plots; they are 

premented in Table 1. 

The mutation rate. were almo measured for mome repair 

deficient mutant.. A quadratic dome-remponme dependence warn 

obaerved in the polA mtrain (Fig.3.). It. mutation ratem were 

higher than that in the wild type cell.. The quadratic 

dependence wam obmerved after irradiation by accelerated heavy 

ion., too. The moat efficient. were deuterium ion. with LET = 7 

KeV/rm. The value of RGE in thim came im 3,2, which im more than 

the value t,3 for the wild type mtrain. 

In the e+rimentm with the lexA mtrain irradiated by 

y-ray. low mutation ratem and linear dome-reaponme dependencem 

WdW(D) were obmerved. Similar dependence. were obtained by 

action of heavy ion.. The valuem of RGE were smaller than 1 in 

all experiment. (Fig.4). The dome modifying factors (W)  for 














